In the present study, the special shake flasks, so-called ventilation flasks, are equipped with oxygen sensors and then an unsteady-state gas transfer model for shake flasks was developed and experimentally investigated for a wide range of gas transfer resistances (k plug ). For the validation of our unsteady-state model to simulate the gas transfer in a biological system in the ventilation flasks, a strain of Corenobacterium glutamicum DM1730 was used as a model organism. For further easy processing, the resulting total mass-transfer resistance (k plug ) is described as a function of the mass flow through the sterile plug (OTR plug ) by an empirical equation. This equation is introduced into a simulation model that calculates the gas partial pressures in the headspace of the flask. Additionally, the gas transfer rates through the sterile closure and gas/liquid interface inside the flask are provided. This unsteady-state model would be a very useful method for scaling up from a shake flask to a fermentor; comparing the results of the gas concentration in the gas phase, there is good agreement between the introduced unsteady-state model and experimental results for the biological system.
Introduction
Small-scale shaken bioreactors (e.g. shake flasks), traditionally equipped with different types of sterile closures, are very useful tools in biotechnology. This case was discussed by Fernandes and Cabral [1] , Vojinović et al. [2] , Baganz and coworkers [3, 4] , Maier and co-workers [5, 6] , Wurm and co-workers [7] [8] [9] , Lye and co-workers [10, 11] and García Camacho and co-workers [12, 13] . The gas transfer coefficient of the sterile closures (k plug ) plays an important role in aeration of shaken bioreactors. The value of k plug depends on the average diffusion coefficient of oxygen (D eO2 ) and different lengths and/or diameters of the neck of the flask. Therefore, in the present study, a series of pipes with different lengths and/or diameters filled with cotton for a special shake flask, a so-called ventilation flask, was employed.
The sterile closures of the shaken bioreactors play an important role in the aeration. Aeration in shake flasks is achieved by a simple gas-liquid contact, supported by shaking in the reciprocating or rotary shaking machines [14, 15] .
The gas transfer in ventilation flasks can be affected by the coefficients of the gas-liquid interface (k L a) and the sterile closure (k plug ) [16, 17] . Under defined operation conditions, the values of resistance of sterile closure may become a critical factor for supplying the oxygen in aerobic fermentations [16, 17] . Use of manufactured cotton plug leads to poor understanding of the physical parameters, e.g. gas transfer and aeration factor, in the normal shake flasks in comparison with aerated flasks [6, 18, 19] . Considering this aim, it is proposed that the gas transfer in sterile closure can Key words: biological system, bioreactor, gas transfer coefficient of sterile closure, shake flask, unsteady-state modelling. Abbreviations used: D, diameter of the sterile closure (m); d 0 , shaking diameter in the shaker (cm); D eO2 effective diffusion coefficient of oxygen (m 2 /h); f1-f9, number of employed ventilation flasks; k L a, volumetric gas-liquid mass transfer coefficient (1/h); K O2 , Michaelis-Menten kinetic for oxygen (mol/l); k plug , overall gas transfer coefficient in sterile closure (mol/s); k plug,O2 , oxygen transfer coefficient in sterile closure (mol/s); n, shaking frequency (min −1 ); OTR, oxygen transfer rate (mol/l per h); OTR g-L , oxygen transfer rate from gas to liquid phase (mol/l per h); OTR plug , oxygen transfer rate through the sterile closure (mol/l per h); OUR, oxygen uptake rate (mol/l per h); p, total pressure (bar); p O2 , initial partial pressure of oxygen (bar); p abs , absolute pressure (bar); P abs , absolute pressure (bar); p i , partial pressure of component i (bar); pO 2 , oxygen partial pressure in headspace of the flask (bar); PO 2 α , partial pressure of O 2 in stationary condition at rising phase (bar); pO 2,L , oxygen partial pressure in liquid phase (bar); pO 2,out , oxygen partial pressure in the surrounding environment (bar); p sat , saturation partial pressure of water inside of flasks; q in , specific aeration plug flow rate (vvm); RAMOS, Respiratory Activity Monitoring System; rf, measuring flask; T, temperature (
• C); t, time (h); vf, ventilation flask; V g , gas volume of the headspace of the flask (m 3 ); V L , filling volume (ml); v O2 , oxygen stoichiometric coefficient; vvm, volume per volume per minute; w, velocity (m/s); Y x/O2 , biomass yield coefficient on oxygen consumption (g/mol); Y x/s , biomass yield coefficient on substrate (g/g); ζ cotton , bulk density of cotton (g/cm 3 ); μ, specific growth rate (h −1 ); μ max , maximum specific growth rate (h −1 ); n O2 , amount of oxygen in headspace gas volume of flask (mol); n O2g−L , transfer rate of oxygen from gas to liquid (mol/h); n O2,O2 , transfer rate of oxygen through the sterile closure (mol/h). 1 To whom correspondence should be addressed (email amoabediny@ut.ac.ir). be characterized using a new dependency of k plug on OTR plug (oxygen transfer rate through the sterile closure) [17] .
Following our previous paper [17] , the aim of the present study was to validate a new strategy for aeration from shaking flasks to an aerated flask of the shaken bioreactor. The unsteady-state model is based on the extended model of Henzler and Schedel [20] . A ModelMaker program (version 3, 11997; Cherwell Scientific Publishing) was prepared similarly to Mrotzek et al. [21] . By using this model for determining the spatially resolved concentrations and diffusion coefficients of the gas components in sterile closures, the partial pressure of oxygen in the headspace of the flask (pO 2 ) and the exact value of k plug were calculated.
In order to simulate the unsteady-state gas transfer in shake flasks at a variety of operation conditions, represented by different resistances of the sterile closure (neck geometry) and kinetics of the chemical reaction or the activity of the microbial culture, a second timeresolved ModelMaker program was prepared. The required parameter k plug is calculated from the model of Henzler and Schedel [20] . By means of this new method, a better comparability based on obtaining the same gas concentration in the headspace of both flasks can be achieved. For this goal the values of specific aeration rate (q in ), calculated by the values of OTR plug in the ventilation flask, will be used for aerated flasks, e.g. the measuring flask of a RAMOS (Respiratory Activity Monitoring System) device [16, 21] .
Materials and methods

Ventilation flasks equipped with oxygen sensors
In the present study, the special shake flasks ( Figure 1 , Figure 2 , Table 1 ), so-called ventilation flasks equipped with Table 1) oxygen sensors were employed as described in our previous paper [17] .
A special aeration flask of the shaken bioreactor, such as a RAMOS device
In the present study a RAMOS device with aerated flasks (Figures 1 and 2 ) was utilized. The aeration system of the RAMOS device [22, 23] was modified for acquiring an equivalent gas concentration in the headspace of the measuring flasks to that in the ventilation flasks. The aeration system comprises two mass flow controllers (5850TR; Brooks Instrument), two gas distributors and capillary tubes with different lengths for adjusting the aeration rates. The usage of two mass flow controllers was for obtaining better accuracy in supplying the low aeration rates in the aerated flasks. Figure 3 illustrates the developed aeration system for the aerated flasks of the RAMOS device that allows parallel experiments with the ventilation flasks. The specific aeration rates [vvm (volume per volume per minute)] in the aerated measuring flasks of the RAMOS device [rf1 (measuring flask 1), rf4, rf7 and rf9] were adjusted to the calculated amount of the maximum q in for the parallel ventilation flasks. The flasks were fixed onto a shaker and the sensors were appropriately connected. Table 2 Composition of agar plates and complex medium for C. glutamicum [32] The pH was adjusted to 7-7.5 with 5 M NaOH. Determining q in in the aerated measuring flasks of the RAMOS device by the unsteady-state model In order to estimate the values of specific aeration rates (q in ) for the aerated measuring flasks of the RAMOS device that result in the same gas concentration as in the headspace of the ventilation flask, OTR plug was calculated from the unsteady-state model [17] . This model can simulate q in and OTR plug during biological systems [17] . As will be shown later, q in significantly changes with OTR plug and time. Therefore the maximum value of specific aeration rates (max. q in ) was arbitrarily chosen to be used in order to aerate the aerated flask of the RAMOS device.
Biological system
For the validation of our unsteady-state model to simulate the gas transfer in a biological system in the ventilation flasks, a strain of Corenobacterium glutamicum DM1730 was used as a model organism. The composition and preparation of the medium ( Table 2 and Table 3 ) and the operation conditions were explained in Table 4 of our previous paper [23] .
Mathematical models
In shaken bioreactors, the partial pressure of oxygen is dependent on OTR plug and OTR g-L (oxygen transfer rate from gas to liquid phase). Mathematical modelling is useful for understanding better and quantitatively describing the gas transfer phenomena and analysing the sensitivity of key parameters in shaken bioreactors. Thus, in the following part, OTR g-L based on an empirical equation for a biological system is outlined. Then, the characteristics of steady-state gas transfer in sterile closures are explained using a simple approximate model and the extended model of Henzler and Schedel [20] and Anderlei et al. [24] . Also, the equations for modelling of an unsteady-state gas transfer will be given. In order to model the gas transfer in a biological system, the partial pressure of oxygen in liquid phase over the time of fermentation could be given as follows:
where OUR is the oxygen uptake rate and is given by:
The increase in cell mass during the fermentation is obtained from eqn (3):
where μ is the specific growth rate, which depends on the substrate and the oxygen concentration and is calculated as:
where O 2,L is the dissolved oxygen, S is the substrate concentration in g/l and K O2 is the Michaelis-Menten kinetic A mass of 3 g was dissolved in 10 % NaOH (100 g/l) and the volume made up to 100 ml, and then it was kept in a fridge and 1 ml was used for the medium 1 ml
Total volume
The pH was adjusted to 7-7.5 with 97 % sulfuric acid (H 2 SO 4 ) or NaOH (5 M) and the volume adjusted to 1000 ml 1000 ml with sterilized distilled water for oxygen (mol/l). The consumption of the substrate is described by:
In eqns (2) and (5), Y X/S and Y X/O2 could be obtained from literature data [25] .
In an unsteady-state gas transfer model, the mole oxygen balance in the headspace volume of a shake flask (Figure 4 ) can be developed as follows:
where n 02 is the amount of oxygen in the headspace gas volume of the flask (mol) and n 02,g−L is the transfer rate of oxygen from gas to liquid (mol/h). According to the ideal gas law, the following equation is derived from eqn (6):
Using the oxygen balance on the gas transfer through the sterile closure and the gas flow into the aerated flask, eqns (8) and (9) are derived respectively:
OTR flow is defined as the amount of oxygen transferred by aeration into a chemical or biological system in the aerated flask, and q in is the specific aeration rate (vvm) in this flask. In order to have an equivalent gas concentration (pO 2 ) in the headspace of both flasks, OTR plug should be equal to OTR flow . This gives the equation:
The values of k plug were quantified using the dependency of k plug on OTR plug [17] . Referring to calculated k plug [17] , the following equation can be developed:
where a, b and c are as given in our previous paper [17] .
Using the values of OTR plug that have been obtained from the unsteady-state model [17] , in eqn (11) a pattern for the aeration in the sterile closure during a sulfite reaction or a biological system can be simulated. From this simulation, a maximum aeration rate (max. q in ) can be obtained. In the present study, a new aeration strategy in shaken bioreactors will be experimentally investigated using the maximum q in for aeration in the aerated flask. 
Results and discussion
Simulation of the specific aeration rate (q in ) in the ventilation flask As noted in our previous study [17] , the unsteady-state model was able to correctly simulate the gas transfer for a biological system in the ventilation flasks. In the present study, a modified unsteady-state model was used (eqn 11) for the calculation of the specific aeration rates (q in ) of an aerated measuring flask of the RAMOS device that result in the same headspace concentrations as in the ventilation flasks f1 and f9 (Table 1) for the biological system C. glutamicum DM1730. Figure 5 and Figure 6 show simulations of OTR plug in ventilation flasks f1 and f9. The input parameters [26] of this model are given in the legends of Figure 5 and Figure 6 . Also, q in was calculated for the aerated measuring flasks of the RAMOS device, which provide equivalent conditions as in the corresponding ventilation flask. The outcomes of this model for a sulfite reaction or a biological system are given in Table 5 . It is noted that the small differences between the data of aeration rates in the aerated and ventilation flasks f4, f7 and f9 were due to the difficulty in adjusting the low aeration rates by the capillary system. As shown by Figure 5 , q in increases with increasing OTR plug until a maximum value of 1.45-1.5 vvm is reached. Figure 6 shows OTR plug for ventilation flask f9 and the resulting specific aeration rate q in for a respective aerated flask. In that case, maximum values between 0.07 and 0.08 vvm were calculated for the specific aeration rate.
These mentioned maximum values were calculated for the considered biological system under non-oxygen-limited conditions. Other simulations have shown that changing some input parameters such as filling volume, carbon source concentration and shaking frequency could lead to an oxygen limitation in ventilation flasks. Therefore the maximum aeration rate was used in order to avoid oxygen limitation, since an oxygen limitation may occur from a lower aeration rate.
Validation of the method for the sulfite system
The usefulness of the new aeration method for the 0.5 M sulfite reaction, as a defined kinetic system, was confirmed by a comparison between the results of the oxygen concentration in the headspace of the ventilation flasks (f1, f4, f7 and f9) equipped with oxygen sensors, and the respective aerated measuring flasks of the RAMOS device. Specific aeration rates of 0.45, 0.16 and 0.08 vvm were adjusted in the aerated flasks. These values have been calculated by using the unsteady-state model [17] and eqn (10) . These values were almost equal to the maximum values of the specific aeration rates resulting from the conditions in the ventilation flasks f1, f4, f7 and f9 (Table 5 ). This aeration for aerated flask rf1 (1.85 vvm) was selected as 53 % more than the maximum calculated value of q in in the ventilation flask f1 (1.21 vvm). The aeration system was adjusted according to Figure 3 . Figure 7 demonstrates the results of detection of the oxygen concentration of the gas phase in the headspace of the ventilation and aerated flasks. This Figure shows a high similarity between the results for pO 2 in both the ventilation and aerated flasks. This confirmed the validity of our proposed strategy. As depicted in Figure 7 , the values of pO 2 for ventilation flask f1 are less than that for the aerated flask rf1. This could occur due to the value of aeration in vf1, which was 53 % less than that in rf1. The effect of k plug on pO 2 has been discussed by Amoabediny and Büchs [17] . Although both the values in the other flasks (f4, f7 and f9) show a similar behaviour, there are some slight deviations between the results. This could have happened because of the incomplete mixing of the gas in the mounted sensor in the ventilation flask.
Validation of the method for a biological system
The validation of the new aeration method for the cultivation of C. glutamicum DM1730 as a model organism was performed by comparing the oxygen concentration in the headspace of ventilation flasks f1 and f9 and the related measuring flask of the RAMOS device. The specific aeration Figure 7 Comparison between the partial pressure of oxygen in the headspace of the ventilation flasks f1, f4, f7 and f9 and aerated flasks for 0.5 M sulfite system based on the new aeration strategy
• C. The values of specific aeration rates are given in the legend and in Table 5 .
rates in the measuring flasks were adjusted to be equal to the maximum q in in ventilation flasks f1 and f9 (Table 5) .
The experiments were conducted under operating conditions obtained using eqn (11) and the unsteady-state model. The aerations in measuring flasks were adjusted to 1.5 and 0.1 vvm by the designed aerated system of the RAMOS device (Figure 3 ). The signals of the oxygen sensors are recorded by the control program of the RAMOS device for both flasks. The pO 2 was calculated from the oxygen sensor signal by using the following equation:
where U is the voltage signal of the O 2 sensor (V) and p 0 O2
is the initial partial pressure of oxygen (bar). Figure 8 shows the results for the O 2 concentration in the headspace of the ventilations and the measuring flasks. Good agreement between the oxygen concentration in the headspace of both ventilation flasks f1 and f9 and the related measuring flasks of the RAMOS device confirms the proposed new aeration strategy. The slight difference between the minimum values of the O 2 concentration in f9 may have occurred due to a higher adjusted value of the aeration in the measuring flask (0.1 vvm) than that in the ventilation flask f9 (q in = 0.08 vvm) and also incomplete mixing of the gas in the connector of the mounted sensor in the ventilation flask.
Conclusion
Biotechnologists wish to provide adequate oxygen for aerobic cultures and to control aeration, especially in the scale-up from a shake flask to a fermentor. In an aerobic fermentation in a shake flask with sterile closure, there are, in many cases, no guarantees that the aeration is sufficient [20, 27] . It was the aim of this study to present a new Experiments were performed using 15 g/l glucose (21 g/l Mops, pH start = 7.2, V L = 15 ml, n = 350 rev./min, A start = 1). The values of the specific aeration rates of the flasks, calculated based on the new aeration strategy, are given in Table 5 .
aeration strategy based on the values of aeration rate, which are calculated in sterile closures using an unsteadystate model and considering a dependency between k plug and OTR plug (eqn 11). The method was confirmed by obtaining the same gas concentration for the headspaces of ventilation and aerated flasks for a biological system (Figure 8 ). This method addresses the problem of insufficient information on aeration in the shake flask as reported by different authors [18, 20, [28] [29] [30] [31] . This strategy would be a very useful method for scaling up from a shake flask to a fermentor, comparing the results of the gas concentration in the gas phase [32, 33] .
